INTRODUCTION
Glioblastoma is the most aggressive primary cancer of the central nervous system. The standard of care includes the use of postoperative radiotherapy with concurrent temozolomide, followed by further adjuvant temozolomide. The pivotal study by the European Organization for Research and Treatment of Cancer and the National Cancer Institute of Canada (eortc/ncic), used 6 cycles of adjuvant temozolomide and found, compared with treatment using radiation alone, a statistically significant improvement in median overall survival (os) from 12.1 months to 14.6 months 1 . Despite this advance, long-term survival remains poor, with only 9.8% of patients remaining alive at 5 years 2 .
The optimal duration of adjuvant chemotherapy remains uncertain. The 6 cycles in the eortc/ncic trial were based on the favourable phase ii study of firstline temozolomide and concurrent radiotherapy 3 . No randomized comparison has been made of the standard 6 cycles of temozolomide compared with longer or shorter durations. The Radiation Therapy Oncology Group 0525 study that compared newly diagnosed glioblastoma patients receiving standard (5-day) or dose-dense (21-day) treatment schedules did not demonstrate a difference in outcome 4 . Study investigators chose between 6 and 12 cycles of adjuvant temozolomide; a secondary analysis of outcomes based on duration of therapy is anticipated. A recent retrospective institutional study found an association between longer survival and 12 cycles of adjuvant temozolomide compared with 6 cycles 5 .
ABSTRACT

Objective
To determine the toxicity and effectiveness of 24 months of adjuvant temozolomide (tmz) with cisretinoic acid (cra) for patients with glioblastoma.
Methods
This retrospective population-based review considered the charts of all patients diagnosed with glioblastoma in Manitoba and referred to a provincial cancer centre during [2002] [2003] [2004] [2005] [2006] [2007] [2008] . Consecutive patients came from a population-based referral centre and provincial cancer registry.
All patients were treated according to the local standard of care with surgical resection followed by concurrent radiotherapy and tmz 75 mg/m 2 daily, followed by tmz 150-200 mg/m 2 for days 1-5, repeated every 28 days for up to 24 cycles, and cra 50 mg/m 2 twice daily for days 1-21, repeated every 28 days.
The main outcome measures were safety, tolerability, and effectiveness of long-term tmz and cra.
Results
Of 247 patients diagnosed with glioblastoma in Manitoba during the study period, 116 started concurrent chemoradiotherapy, and 80 received adjuvant tmz. Of the patients who started concurrent chemoradiotherapy, 80 began adjuvant chemotherapy. Patients completed a median of 5.5 cycles of tmz and 3 cycles of cra. Grade 3 or 4 hematologic toxicity was noted in 16% of patients. Median overall survival was 15.1 months, and 26.7% of patients remained alive at 2 years.
Conclusions
Extended adjuvant tmz and cra is well tolerated. However, the population-based effectiveness of this regimen is similar to the clinical trial efficacy of Curr Oncol, Vol. 19, pp. 308-314; doi: http://dx.doi.org/10.3747/co. 19.1151 Standard adjuvant therapy in many solid tumours typically lasts for 6 or fewer months [6] [7] [8] ; however, the extremely high rate of relapse in glioblastoma may argue for a longer duration of therapy, such as those used in metastatic colorectal or breast tumours 9 . Furthermore, the tolerability of temozolomide may allow for a longer duration of therapy and for further gains in survival with little impact on quality of life 1, 3, 10, 11 . Despite limited data 5, 12, 13 , many centres use 12 or more months of adjuvant temozolomide as their standard therapy, and yet it remains unclear whether extended-duration temozolomide is safe or effective.
Isotretinoin (cis-retinoic acid), a ligand for the retinoic acid receptor, has been studied in the treatment of malignant gliomas. In glioma cells, cis-retinoic acid may induce differentiation and inhibit proliferation and invasiveness [14] [15] [16] . It may also increase the sensitivity of glioblastoma cells to conventional chemotherapy 17 . As a single agent, cisretinoic acid has shown modest benefits in maintaining remission in malignant glioma [18] [19] [20] . Combination therapy with temozolomide and cis-retinoic acid at recurrence has shown considerable promise, yielding a 6-month progression-free survival (pfs-6) of 43% in a large phase ii study from the North American Brain Tumor Consortium 21 . However, that study antedated the use of temozolomide in chemoradiation strategies for newly diagnosed patients. In the upfront setting, the combination conferred a pfs-6 of 38% and a 1-year os of 57%, similar to that seen in phase ii studies with other agents 22 . The combination of temozolomide and cis-retinoic acid was tolerated well in both studies.
CancerCare Manitoba is a regional Canadian cancer centre with a catchment population of approximately 1.5 million. All patients with a brain tumour receive multimodal therapy at the same tertiary care centre. Since the publication of the phase ii upfront temozolomide data in 2002 3 , standard treatment of patients with glioblastoma in the adjuvant setting in Manitoba has included radiotherapy with concurrent temozolomide, followed by up to 24 cycles of adjuvant temozolomide with concurrent cis-retinoic acid. Here, we retrospectively evaluate this consecutively enrolled patient cohort for their outcomes and the toxicity associated with extended-duration temozolomide and cis-retinoic acid.
METHODS
Patient Cohort
Records for all patients with a pathologic diagnosis of glioblastoma in Manitoba from January 1, 2002, to June 30, 2008 , were extracted from the Manitoba Cancer Registry. Clinic lists were searched for all new patient visits during the same period to ensure capture of all patients referred. The protocol was approved by the Health Research Ethics Board, University of Manitoba, and the requirement for informed consent was waived.
Electronic and paper records were reviewed for all patients. Sex, histology, and dates of birth, diagnosis, and death were obtained. For each patient in the adjuvant cohort, the following data were extracted from the patient chart: dates of birth, diagnosis, progression and death; sex; number of cycles of temozolomide and of cis-retinoic acid received (including dates and dose); dose and schedule of radiation; extent of surgical resection (resection vs. biopsy); tumour location (frontal vs. non-frontal); Eastern Cooperative Oncology Group performance status; chemotherapy at relapse; and durations of treatment. Performance status was determined from the record of the initial patient visit and dichotomized as either "good" (0-2) or "poor" (3-4).
Treatment Protocol
Standard therapy in Manitoba during the study period consisted of surgical resection followed by radiotherapy (conformal external-beam radiation of 60 Gy) with concurrent temozolomide (75 mg/m 2 daily during radiotherapy), followed by temozolomide (150-200 mg/m 2 daily, days 1-5 of a 28-day cycle) for up to 24 cycles or until evidence of disease progression. While on adjuvant temozolomide, patients were given concurrent cis-retinoic acid (50 mg/ m 2 twice daily, days 1-21 of each cycle), as tolerated.
Follow-Up
All patients were followed monthly by the Brain Tumour Disease Site Group at CancerCare Manitoba. Magnetic resonance imaging was performed every 8-12 weeks. Progression dates were recorded as the date of the multidisciplinary case conference (attended by members from radiation oncology, neuro-oncology, neurosurgery, neuro-radiology, and allied health care providers) during which patients were determined to have had progression of disease according to the Macdonald criteria (which were in place during the study period, before the Response Assessment in Neuro-Oncology criteria were introduced) 23, 24 .
Outcomes and Statistics
The primary outcome was os. Secondary outcomes included pfs and toxicity (thrombocytopenia, neutropenia, febrile neutropenia, rash, acute leukemia, elevated liver enzymes, and depression requiring pharmacologic intervention).
To assess the effectiveness of a longer duration of temozolomide on survival, a landmark analysis was performed on all patients in our cohort surviving 6 months or more after initiation of the adjuvant temozolomide and on the published (not individual patient) data from the eortc/ncic trial 2 . Patient outcomes were compared using the CochraneMantel-Haenszel method, stratified at 12, 18, and 24 months from diagnosis. This test allowed us to compare the proportions of patients living and dead in each cohort, while controlling for the fact that the rate may change over time. This methodology effectively compares patients who might have been eligible for more than 6 cycles of temozolomide in the eortc/ncic study with the patients in our cohort who received it 25 . Multivariate Cox proportional hazards modelling was used to determine the effect of individual prognostic variables on survival.
RESULTS
Cohort
Our cohort included 116 patients who started chemoradiotherapy. From that group, 80 patients went on to receive adjuvant temozolomide and cis-retinoic acid. Table i outlines the cohort demographics. Outcomes were ascertained up to December 1, 2010.
Treatment
Table i outlines treatment details. The median time from surgery to chemoradiotherapy was 3 weeks (range: 1.1-8.3 weeks). Radiotherapy doses of 59.4-60 Gy were achieved in all but 5 patients, in whom the dose was reduced because of poor performance status. Patients received a median of 5.5 cycles of temozolomide (range: 1-30 cycles) and 3 cycles of cis-retinoic acid (range: 1-30 cycles). Two patients (2.5%) received 30 cycles of both agents. At relapse, chemotherapy was given to 44 patients, with 55%, 21.2%, and 3.8% receiving second-, third-, and fourth-line chemotherapy respectively. The chemotherapy agents used included carboplatin, tamoxifen, celecoxib, temozolomide, procarbazine, thioguanine, hydroxyurea, lomustine, polifeprosan 20 with carmustine implant, and the study drugs edotecarin and cintredekin besudotox (IL-13-PE38QQR) administered by convection-enhanced delivery. Surgery was performed at recurrence in 17 patients (21.2%).
Outcomes
Median os for all 116 patients was 15.1 months [95% confidence interval (ci): 11.0 to 18 months], with 26.7% of patients remaining alive at 24 months (Figure 1) . In the 80 patients who received temozolomide and cis-retinoic acid, median pfs was 9.6 months (95% ci: 8.6-11.7 months), and median os was 18.8 months (95% ci: 16.3-21.1 months; Figure 2 ). At 24 months, 15% of the patients were alive without progression, and 32.5% remained alive. The landmark analysis was performed using all patients surviving 6 months or more (n = 95) and comparing them with members of the intention-to-treat population from the eortc/ncic trial who survived 6 months or more (n = 247). The Cochrane-Mantel-Haenszel analysis demonstrated no statistically significant effect of extended-duration temozolomide and cis-retinoic acid on survival ( Table ii) .
The final Cox proportional hazards multivariate model included age at diagnosis, extent of surgery, and date of diagnosis (with the study period divided into 3 equal strata). Significantly worse survival was experienced by patients in the middle-year diagnosis group than by patients in the early-year diagnosis group, with a hazard ratio for death of 1.84 in the former group (p = 0.05, Table iii). Outcomes tended to be better in patients undergoing surgical resection than in those undergoing biopsy (hazard ratio: 0.53; p = 0.06).
Toxicity
Grade 3 or 4 hematologic toxicity occurred in 16% of patients (thrombocytopenia, 13.8%; neutropenia, 8.8%; anemia, 8.8%). Treatment delays because of between-cycle toxicity occurred in 29 patients. Of 671 total cycles given, 8.6% were delayed because of toxicity, almost exclusively because of cytopenia. No patient discontinued temozolomide because of intolerance, but 46.3% of patients discontinued cis-retinoic acid because of intolerance, most often consisting of rash. Of patients who discontinued cis-retinoic acid, the mean number of temozolomide cycles given without cis-retinoic acid was 3.8 (median: 2 cycles; range: 1-24 cycles).
While taking cis-retinoic acid, 4 patients required an antidepressant for treatment of clinical depression. During temozolomide and cis-retinoic acid treatment, 8 patients developed significant rash, and 8 patients developed elevated alanine aminotransferase (>5 times the upper limit of normal); another 5 experienced the latter side effect when taking temozolomide alone. During temozolomide and cisretinoic acid treatment, 3 patients developed elevated bilirubin (>5 times the upper limit of normal). No patient developed acute leukemia or Pneumocystis jiroveci infection during follow-up.
DISCUSSION
Here, we report the population-based outcomes of glioblastoma patients treated with up to 24 months of temozolomide and cis-retinoic acid after surgery and radiation therapy in the upfront setting. Treatment with this extended-duration adjuvant therapy resulted in a median os of 15.1 months, a 2-year os of 26.7%, and modest hematologic and systemic toxicity.
Similar survival results have been reported from other reviews of the long-term use of temozolomide alone 12, 13 , supporting our findings. A recent retrospective study from another Canadian tertiary referral centre examined the outcomes of patients before and after a change in policy that allowed for up to 12 cycles of adjuvant temozolomide 5 . In that cohort, median survival rose to 24.6 months from 16.5 months with longer durations of therapy, suggesting a benefit in extending temozolomide beyond the 6-cycle standard. However, because of the study design, it is possible that some patients who received more than 6 cycles may not have incurred additional benefit from extended therapy.
Our results are similar to those achieved by the current standard of up to 6 cycles of adjuvant temozolomide 1 . Median os for the 6-cycle regimen was 14.6 months, with a 2-year os of 27.2% 2 . Basic demographics were comparable between the 6-cycle group and our cohort, as were the percentages of patients completing 6 cycles of temozolomide in the two studies (47% in the eortc/ncic trial and 50% in figure 1 Overall survival of all patients treated with radiation and concurrent temozolomide. our cohort). We used a 6-month landmark analysis to assess the effect of longer treatment durations by comparing survival ratios for patients who survived longer than the first 6 months of therapy in the eortc/ ncic study and in our cohort. The outcomes of patients from the eortc/ncic trial who were alive at 6 months (and who, per protocol, received no further temozolomide) were compared with those of the patients in our adjuvant cohort who continued to receive temozolomide. Although not randomized, the comparison is reasonable given the similarity of the cohort demographics. It provides a relatively unbiased comparison of these otherwise similar groups 25 , although it uses specific time points for comparison and therefore has less statistical power than that of a standard log-rank test. Our results suggest that the effectiveness of extended-duration temozolomide with cis-retinoic acid provided in a provincial cancer centre is at least similar to the clinical trial efficacy observed with 6 months of temozolomide. Any potential difference in survival with a longer duration of chemotherapy is not likely to be clinically meaningful, prompting a post-analysis change in our local standard to 12 cycles of adjuvant temozolomide without cis-retinoic acid; treatment beyond 12 cycles is considered only when there is evidence of an ongoing treatment response.
Our study has a number of limitations. Selection bias is inherent in the comparison of a retrospective cohort with the results of a prospective randomized trial. Patients in our study were treated based on the clinician's assessment of suitability (predominantly age and performance status). Given that only 69% of our overall cohort proceeded to receive adjuvant temozolomide and cis-retinoic acid, compared with 78% of the eortc/ncic trial cohort, it is likely that our results are overly pessimistic. Molecular prognostic factors, such as MGMT promoter methylation, were not available for our cohort, and their impact on survival in our population remains unknown. The concept of pseudoprogression was not well described during the early years of our study cohort, and it is more than likely that some patients who progressed early actually had pseudoprogression, further negatively biasing our results. Because of the retrospective nature of the study, we are unable to discern the independent effect of extended adjuvant temozolomide compared with the addition of cis-retinoic acid. Despite those limitations, our data suggest that any advantage to a longer duration of temozolomide is probably small. No firm conclusions can be made, and a large randomized study both of treatment duration and of the addition of cis-retinoic acid would be required to fully assess any potential difference. A planned analysis of the randomized Radiation Therapy Oncology Group 0525 study 4 for the effect of 6 compared with 12 cycles of adjuvant temozolomide is awaited and may provide evidence for one approach over the other.
The modest toxicity noted in our cohort is reassuring; extended durations of temozolomide are well tolerated. Only 13 patients demonstrated significant hematologic toxicities, with 6 patients accounting for most of those events. That finding suggests an underlying susceptibility of some patients to hematologic toxicity, perhaps relating to underlying differences in O 6 -methylguanine-dna methyltransferase activity in the bone marrow of those patients or to other factors 26 . Non-hematologic toxicity was minimal, with few patients experiencing significant side effects from temozolomide. Similarly, little toxicity with cis-retinoic acid was noted. As expected, toxicities included dry skin, depression, and elevated liver enzymes. Despite those side effects, most patients continued on therapy for the duration of their adjuvant treatment. Our multivariate analysis of patients who received at least 1 adjuvant cycle of temozolomide demonstrated few clear prognostic factors. The extent of surgical resection was not a statistically significant predictor of survival, and yet there was a very strong trend in favor of resection compared with biopsy (p = 0.06). That finding is consistent with the existing literature on surgical resection for adult glioma, although no randomized data are available to support a causal effect [27] [28] [29] [30] . It remains possible that some of the effect is a result of very poor survival in patients in whom surgical resection was not possible.
The present study did not demonstrate a significant improvement in the survival of patients in more recently treated cohorts. That result does not support assertions that similar survival advantages noted in recent phase ii studies from the New Approaches to Brain Tumor Therapy Consortium are attributable to improvements in patient survival over time rather than to the therapeutic agents under study. The improvements might be attributable to any or a combination of enhanced surgical and anesthetic technologies, neuroimaging, and supportive care 31 . Our multivariate analysis trended in the opposite direction, suggesting a possible worsening of survival for more recent cohorts. That difference might partly be explained by differing patient populations: ours was an unselected population-based Canadian cohort; the New Approaches to Brain Tumor Therapy Consortium clinical trials involved highly selected participants from the United States. We note in our data that biopsy-only surgical procedures were more common in recent cohorts, which may also explain the result reported here. Our limited cohort size constrained the power of our analysis, and we were unable to fully account for specific local factors-such as the interaction between extent of resection and date of diagnosis-that, compared with the same factors in large multicentre studies, might influence outcomes.
CONCLUSIONS
We have described the long-term use of temozolomide combined with cis-retinoic acid for patients with newly diagnosed glioblastoma. The regimen did not create undue toxicity for patients. The particular advantages of extending adjuvant therapy are not clear from the present study; however, our data provide some rationale for further study of this treatment paradigm-in the context of a clinical trial. As new agents are studied in combination with adjuvant temozolomide, the duration of such therapies should be part of the study design.
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